Coastal marine environments are subject to many anthropogenic impacts, including habitat destruction, climate change, pollution and over-fishing (Lotze et al. 2006 , Worm et al. 2006 . The cumulative effect of these pressures can cause fisheries to decline and ultimately threaten the function of coastal ecosystems (Pauly et al. 2002) .
Effective management strategies are essential to protect diverse marine resources from degradation, and ensure the livelihood of many human communities which depend on these resources.
Bonefish (Albula spp.) are one such resource. Bonefish are prized by anglers for their fighting ability, and are appropriately called "ghosts of the flats" because of their elusive behavior. Worldwide, bonefish support an important catch-and-release recreational fishery, e.g., contributing about $1 billion dollars per annum to Florida's economy , millions of dollars to The Bahamas' economy (Andros Exit Survey Report 2007), and more than $25 million dollars (sports-fishing for bonefish, tarpon and permit combined) in direct expenditures for the Belizean economy (Fedler & Hayes 2008) . The economic importance of bonefish for many coastal communities underscores the need to promote a sustainable fishery. Unfortunately, successful management of the fishery is difficult because of large gaps in our understanding of bonefish ecological requirements and life history patterns.
The Biology and Ecology of Bonefish
Bonefish have highly conserved morphological and ecological characteristics, despite the divergence of putative species 3 -30 MYA (Colborn et al. 2001) . These uniform features led to the classification of bonefish as a single circumtropical species (A.
vulpes -Linnaeus). This idea was challenged with several studies suggesting the presence of cryptic species (Shaklee & Tamaru 1981 , Pfeiler 1996 , Colborn et al. 2001 ) and recent genetic research has identified at least 10 species of bonefish worldwide. Of these, three seem common to the Florida Keys and the Caribbean: A. vulpes, Albula sp. B (popularly known as A. garcia) and A. nemoptera (Crabtree et al. 1996 , Colborn et al. 2001 . Albula vulpes is believed to be the species that dominates the recreational fishery and is most commonly caught by anglers in Florida (Humston et al. 2005 ) and possibly The Bahamas (Danylchuk et al. 2007 ).
Of the three species in the Caribbean, published information has primarily been on A. vulpes and covers age, growth and mortality (Crabtree et al. 1996 , Adams et al. 2008 ); maturation and reproduction (Crabtree et al. 1997) ; habitat use (Adams et al. 2008 ); diet (Colton & Alevizon 1983a , Crabtree et al. 1998 ); movement (Colton & Alevizon 1983b , Humston et al. 2005 ; larval duration and temporal abundance patterns (Mojica et al. 1995 , Dahlgren et al. 2008 ; or a combination of these (Bruger 1974 . However, most of these studies were conducted before the identification of Albula sp. B by Colborn et al. (2001) . Therefore, additional research is required to verify these findings, and explore how ecological traits may vary among species or regions.
For example, studies have revealed variation in growth rates for A. vulpes among Florida, the Western Atlantic, and the Caribbean (Crabtree et al. 1996 , Adams et al. 2008 ). Compared to the rest of the Caribbean and Western Atlantic, Florida bonefish appear to be growing faster and reach larger sizes (Ault et al. 2007 ). An 8 year-old bonefish in Florida measures, on average, 609 mm (FL) (Crabtree et al. 1997) whereas in the Caribbean, it measures 406 mm (FL) (Adams et al. 2008 ). These regional variations in growth provide an example of why it is an over-simplification to make generalizations about the population dynamics of bonefish throughout their range. There is a clear need to reassess our current understanding of bonefish biology and ecology in the Caribbean, especially in areas where few studies have been conducted to this point, e.g. throughout the Bahamian archipelago.
Bonefish Reproduction
Bonefish undergo ontogenetic habitat shifts, occupying several habitats through their life history. It is presumed that bonefish (Albula spp.) exhibit a tri-phasic life history strategy, occupying several habitats throughout their life history (Humston et al. 2005 , which is quite common for many aquatic species (Fairweather 1991) . Animals with this life history strategy exhibit three key phases of ontogeny, movement and resource use ( Fig. 1): (1) the planktonic movement of eggs and larvae;
(2) juvenile and sub-adult use of shallow water areas; and (3) an offshore movement to deeper water, usually coinciding with the onset of maturity . Once bonefish migrate from shallow to deeper water (presumed to be near reef slopes), they undergo "broadcast spawning", i.e., males and females release gametes into the water column allowing for external fertilization of eggs. Eggs hatch within one day, producing small leptocephalus larvae that float in the open ocean, living as plankton for 42 -72 days (Pfeiler 1988 , Mojica et al. 1995 . In the Florida Keys, in conjunction with the new or full moon, larvae of A. vulpes move into shallow habitats throughout the spring before metamorphosing into juvenile stages (Crabtree et al. 1997) . Larval sampling on Lee Stocking Island, Bahamas, resulted in highest numbers of bonefish December -June (Thorrold et al. 1994 , Mojica et al. 1995 , Dahlgren et al. 2008 ).
Although we have a general understanding of the presumed life history strategies of bonefish, there still remain significant knowledge gaps. For example, the juvenile habitats of bonefish (mainly A. vulpes) remain unknown. However, preliminary studies reveal that juveniles of A. garcia may occupy sandy beaches (Adams, personal communication) , with sub-adults occupying back-water tidal creeks. Mature adults primarily utilize shallow tidal flats as foraging grounds (Adams 2006 ) but studies on larval dispersal and settlement (Mojica et al. 1995 , Dahlgren et al. 2008 suggest that bonefish migrate to reef slopes in large aggregations to spawn. However, such large-scale movements to offshore spawning aggregations, along with the duration or frequency of these events, have never been documented in the scientific literature. In addition, there is little information regarding regional variation or species-specific differences in spawning patterns.
This thesis will provide an overview of the large-scale movements of bonefish 
Chapter II

Large-scale Movement Patterns of Bonefish (Albula vulpes) Around Andros Island,
INTRODUCTION
Animal movement ultimately determines the spatial, demographic and genetic structure of populations . Marine fish exhibit a wide range of movements that can be broadly categorized into five types: (1) pelagic movement of eggs and larvae;
(2) daily home range movements at a given life history stage; (3) ontogenetic habitat shifts; (4) relocation of home ranges in response to abiotic and biotic patterns, including human activities and; (5) large-scale migrations, often for spawning purposes (Johannes 1978 , Morgan & Christy 1994 ). These movements occur at different spatial and temporal scales and may follow predictable patterns, for instance, according to daily, tidal, lunar or seasonal cycles (Norcross & Shaw 1984 , Morgan & Christy 1994 ).
From an applied perspective, understanding animal movement patterns in time and space is fundamental to the design of effective conservation and resource management strategies (Acosta 1999 , Warner et al. 2000 .
Most theoretical and conceptual investigations into Marine Protected Area (MPA) design
have focused on determining the optimal size or spatial arrangement of MPA's (Rapid Ecological Assessment West Coast of Andros 2006). However, it is equally important to understand specific movement patterns of key species and link this to which habitat types or key areas (e.g. essential nursery areas or spawning areas) are necessary to include in MPA design ). In the case of highly mobile species, unless MPA's are large enough to include all habitats and migration corridors of key species, MPA's will only offer protection on a partial or seasonal basis ). But if MPA's were to include important spawning sites and corridors, they still could play a vital role in fishery management ).
Bonefish are a circumtropical species that inhabit shallow coastal waters and near-shore reefs. Despite its popularity and economic importance as a primarily catchand-release fishery, there still remain significant gaps in our understanding of bonefish reproductive ecology. And with up to ten species worldwide (Colborn et al. 2001 , Pfeiler 2008 , and possible intra-specific differences in life history patterns among regions (Adams et al. 2008) , much additional research is needed.
In the current study, data is presented on the seasonal large-scale movement of Albula spp. around Andros, Bahamas obtained through the use of acoustic telemetry.
Specifically, this study was designed to determine: (1) identification of bonefish species in the recreational fishery using microsatellite analysis; (2) if adult bonefish migrate to offshore reefs during the proposed spawning season and, if so, to determine the frequency of these large-scale movements; (3) if these movements are predictable and follow lunar cycles.
MATERIALS & METHODS
Study Site
Andros is located approximately 100 km southeast of the southern tip of Florida.
The eastern side of Andros is bordered by a deep oceanic trench, called the Tongue of the Ocean and drops to a depth of approximately 1.8 km. (Fig 2) . A fringing barrier reef, the third largest in the world, runs along the Tongue of the Ocean for approximately 225 km. 
Species Identification
To determine species identification, tissue samples were taken from bonefish within the study area. A triangle (12 mm x 12 mm x 12 mm) was cut from the soft ray tissue at the rear of the dorsal fin. Purified genomic DNA from collected tissue samples of tagged bonefish was isolated using the Puregene ® isolation kit (Qiagen, Inc., Valencia, California) following methods described in Adams et al. (2008) . Collaborators from the University of Minnesota have developed a bonefish specific microsatellite library through a slightly modified protocol described by Seyoum et al. (2008) and PCR-based isolation of the microsatellite arrays was carried out as described in Lunt et al. (1999) Following capture, fish were anesthetized with MS-222 and placed ventral-side up on a surgery table. The bonefish was secured on the surgery table and fresh seawater was circulated through the mouth and over the gills during surgery. The acoustic tags, measuring 36 mm long and 13 mm in diameter, were surgically implanted through an approximate 2 cm incision into the peritoneal cavity of the bonefish using field procedures similar to those described in Humston et al. (2005) and following FIU Institutional Animal Care and Use Committee (IACUC) protocols (Fig. 4) . Incisions were closed using Ethicon monofilament sutures. Fish were allowed to recover in an onboard holding tank immediately following surgery. Times of recovery varied with each fish depending on size and fighting time. However, average recovery time was typically 5 minutes. 92% of fish recovered following surgery. Once recovered, fish were released at the capture location. Along with implanting the acoustic transmitters, bonefish were measured (FL) and a fin clip was taken from the rear dorsal fin for genetic analysis. In addition, any sign of sexual maturity (i.e. presence of eggs or milting) was recorded. (2) an acoustic telemetry transmitter inserted in the abdomen through a small incision;
(3) incision closed with a medical suture; (4) fish allowed to recover before release.
Receiver Deployment
Prior to transmitter deployment, twenty-seven VEMCO (www.vemco.com) VR2 receivers were deployed around Andros at depths ranging from 0.6 -20 m. Receivers were placed in areas to maximize the likelihood of detecting tagged fish, i.e., in deep channels between islands where bonefish are frequently sighted. These areas included channels within Middle and North Bight, along the shallow flats on the west side and near the reef slope on the east side ( Fig. 5 ). Two receivers were placed per channel to ensure the entire width of the channel was covered and to increase the likelihood of detecting the direction of migration. The southern most receivers were pulled after no detections following two consecutive downloads in October and November 2009. The receivers were repositioned within North Bight where most movement was detected to provide additional data on movements within in this frequently traveled area. In addition, receivers were also repositioned near reef slopes (~6 m depth) that received prior hits and were assumed to be either a pre/spawning aggregation site or a major movement corridor (Fig. 5) . Sequential Bonferroni corrections (Rice 1989) were applied to test the initial set of samples (collected in Florida) used to create and assess the microsatellite library.
RESULTS
There were no significant departures from Hardy-Weinberg equilibrium expectations (table-wide α  = 0.05) nor evidence of nonrandom association between alleles at any locus pair (Seyoum et al. 2008 ). The microsatellite data were analyzed in GENETIX, a three dimensional cluster analysis (Belkhir et al. 2000) . The samples collected in this study were compared against the genotypes of known specimens of A. vulpes, A. sp. B (also known as A. garcia), and A. sp. cf. vulpes.
Number of alleles, observed and expected heterozygosities and genotypic equilibrium were assessed using GENEPOP version 4.0 (http://genepop.curtin.edu.au/) for the 70 fish sampled in this study (Raymond and Rousset 1995) . The average number of alleles per locus was 6.7, mean observed heterozygosity was 0.34, and average expected heterozygosity was 0.44 (Table 1) . There was evidence of non-random association between alleles at locus pair AspB003 and AspB005 (p = 0.002). Of the 25 fish tagged, 20 (80 %) of these were detected at least once. The number of days detected in the array was not correlated to the minimum distance traveled (r 2 =0.002, p-value=0.84). For example, fish # 14 was detected in the array for just 7 days, but traveled 109 km. Fish # 39 was in the array for 115 days and was always detected by the same receiver. The latter fish was one of the smallest fish (415 mm) and was not noted as being sexually mature during surgery.
Of the twenty fish detected, seven traveled relatively long distances from the release location to the east side (i.e., at least 100 km). Fish that traveled >200 km were those that made multiple trips from the west to east side of Andros (see Table 2 ). For example, # 46 was tagged at Wide Opening and detected as AUTEC Shallow receiver, detected at Little Loggerhead Creek (West Side), again at AUTEC Shallow and then again at Wide Opening. Six of the seven fish that exhibited this long distance movement were noted to be sexually mature (i.e. presence of eggs or milt) during surgery. Of the twenty-five fish tagged, I was able to determine the sex of only eleven during surgery.
Three were identified as mature females and eight as mature males. All fish that made the long distance movements utilized the north bight as a corridor to migrate from the shallow flats on the west side to deeper waters on the east (Fig. 5 ). Of these seven fish, two made multiple trips to the east side (e.g. # 32 in October 08, December 08 and August 09 and # 46 in October 08 and December -January 09, see Figs. 7 & 6 respectively) . No further large-scale movement to the east side was detected after January 09 (with the exception of # 32) (Fig. 7) . Tagged fish were detected on reef receivers (6 -18 m), at night, 1 -2 days before new moon in October, 3 days after the new moon in December, and 2 days before the full moon in November (Figs. 6 & 8) . Two fish tagged earlier in the study (ID# 45 and #46) appeared to be traveling together to the off-shore reef receivers around the new moon in October (Fig. 8) .
On east Andros, fish displayed daily movement patterns where shallow flats <1 m (LO in Fig. 5) were occupied in early morning and late evening hours and deeper channels ~2.4 m were occupied (AS in Fig. 5) 
DISCUSSION
Large-scale movements (i.e., >100 km from west to east) were observed between mid-October and the end of January. Two fish (ID # 32 and # 46) made multiple trips to the east side traveling a total round trip (minimum) distance of at least 217 km and 300 km respectively. Such large-scale movements to presumed spawning sites are the first to be documented. The majority of the fish that made these large-scale movements were noted to be mature and hence may indicate the peak spawning time (October -January)
around Andros. Tagged fish utilized the North Bight as an important migration corridor during such large-scale movements.
Although North Bight was identified as an important migration corridor for bonefish, a closer look at the movement patterns of several fish suggest that bonefish may also use alternate routes or a route that placed them outside the receiver detection range.
For example, fish #32 in the study was detected on the west side of Andros on January 23, 2008 and detected again on the east side August 3, 2009. There were no detections by receivers located within North Bight between the west and east side detections. All receivers were in operation throughout the study period, so the lack of detections was not attributed to faulty receivers. In addition, the absence of several fish (e.g. #'s 32 & 42) and a subsequent reappearance after ~6 months may suggest that bonefish travel much further than anticipated or may use multiple spawning sites during the spawning season.
Lunar periodicity of offshore movements suggests these movements were associated with spawning. Offshore movement (i.e. at receivers 6 -18 m deep) was observed in October, November and December and coincided with either the full or new moon. In addition, although off-shore movements were mainly observed around new moons, there were times when fish were completely missing from the array around the full moons which may indicate other spawning sites not covered by the array. Such lunar spawning rhythms are common for tropical marine species and may maximize dispersal of fertilized eggs (Johannes 1978) . This offshore movement is usually observed during dusk with a return to shallower waters during dawn of the following morning. For example, fish 45 was detected moving offshore two days before the new moon in October at 21:19 at receiver in 6 m depth, and not detected again until that following morning at 02:39 at an 18 m depth receiver (see Fig. 8 ). Nocturnal spawning behavior is common for species with pelagic eggs (Johannes 1978) . Such a spawning strategy may minimize egg predation or may reduce the threat of predation on the spawners themselves (Johannes 1978) .
To the extent that these data indicate spawning periodicity, findings from this study differ with other studies and observations of peak spawning periods. A study conducted in the Florida Keys, for example, reported detection of five large mature bonefish Albula sp., at receivers located in water depths of about 20 m ). The observed offshore movement occurred between March and May 2004, and may have been bonefish in spawning migrations because those fish were generally well above the minimum size of sexual maturity (1.8 kg/48 cm), and moved during peak reproductive months (Crabtree et al. 1997 . Undoubtedly, most would agree that the bonefish industry is economically important for many coastal communities. However, the growing popularity of the industry, and concerns for rapid human population growth, may threaten bonefish populations and a quality-fishing experience. Such negative impacts include an increase in fishing pressures and concomitant increase in incidental mortality, local shoreline development, habitat degradation, and the loss of spawning and nursery areas (Tilmant 2008) . Despite gaps in our knowledge of bonefish biology, it is imperative that we move forward with the best science available to make informed decisions for the conservation and management of the species. An adaptive management approach would allow for optimal decision making when there is uncertainty, and to guide ongoing and future research. Such an approach will simultaneously maximize management objectives while accruing information needed to improve future management.
National Park Protection
The Bahamas National Trust ( As government agencies and local conservation organizations realize the value of the bonefish fishery, these parties are in need of scientific information to make informed decisions to manage and protect the fishery. At present, efforts are being made to identify priority sites for conservation of a large area on the western side of Andros, Bahamas. A Rapid Ecological Assessment (REA) was conducted in 2006, which, in combination with stakeholder input, will form the basis for a proposal to the government of The Bahamas for the expansion of existing park boundaries (Adams 2006) . The REA recommended that a large-scale habitat conservation strategy is required to ensure the long-term sustainability of West Andros bonefish (Friedlander et al. 2008 ).
In the past, most investigations into Marine Protected Area (MPA) design have focused on determining the optimal size or spatial arrangement of MPA's. However, key to determining appropriate size and location of an MPA is information on movement patterns of key species and hence identify which habitat types or key areas (e.g. essential nursery areas or spawning areas) are necessary to include in the design ). In the case of highly mobile species, unless MPA's are large enough to include all habitats and migration corridors, these MPA's will only offer protection on a partial or seasonal basis ). But if MPA's were to include important spawning sites and movement corridors, they still could play a vital role in fishery management ).
Conservation priority sites identified from this study include North Bight and a pre-spawning aggregation identified on the east side (coded as AS) (Fig. 5 ). These areas represent critical habitats for bonefish. However, movement data and anecdotal reports suggest that there may be multiple pre-spawning aggregation sites located on the east side and possibly additional migration pathways. Additional studies are required to identify such areas.
Bahamas National Trusts' vision is to develop "a comprehensive system of national parks and protected areas, with every Bahamian embracing environmental stewardship". This translates to residents playing an integral role in the design, management and recreational use of all National Parks throughout The Bahamas. In the past, most National Parks in The Bahamas that include marine environs have been designated as no-take zones, i.e., areas in which extraction of constituent organisms are not permitted. However, urban development and the need to create spaces for recreational use have changed the way we think and the regulations that are imposed on these areas. It requires a delicate balance and a multi-user approach.
In carrying out its mandate to conserve and protect the natural resources of The Bahamas, it is important that The Bahamas National Trust allows for sustainable catchand-release practices. When properly managed, recreational fishing can be an appropriate and compatible use for National Park Systems (Tilmant 2008) . Therefore, although critical nursery areas may be zoned for no coastal development and spawning aggregation sites designated as "no-take" areas, there must also be consideration for the impacts that anglers have on the resources. With Andros being identified as "the bonefishing capital of the world", regulations should be set that minimize these impacts and allow for activities that will not jeopardize the future existence of the resources. Decisions should me made regarding appropriate visitor activities, the sustainable development of lodges and visitor centers, suitable levels of boating traffic and proper catch-and-release handling practices.
These management practices will not only protect the national resources of The Bahamas but also preserve the solitude of the fly-fishing experience.
Protection Through Fisheries Regulations
The the establishment of maximum and minimum size limits; and (2) implementing a bag limit.
Suggestions for future considerations include: (1) making the fishery catch-andrelease only during spawning months; and (2) requiring guides to obtain special flyfishing licenses. Such licenses can regulate the activities of the guides and anglers through the adoption of the best practices for bonefish catch-and-release to ensure postrelease survival. Best practices include the use of barbless hooks, using the appropriate tackle to ensure quick landing, minimizing handling time and releasing bonefish in areas with low shark abundance (Cooke & Philipp 2004) .
Looking Ahead to the Future
The future of the bonefish industry in The Bahamas is a promising one. Many new initiatives regarding this economically important fishery have taken off within the past year on many different levels e.g., by both the government and local community.
The The future of the bonefish industry will ultimately lie in the hands of the guide, angler and manager. The programs above acknowledge this very important relationship.
By working together through co-coordinated efforts we will move the industry forward and promote a sustainable fishery.
